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ABSTRACT 


The  purpose  of  this  program  is  to  demonstrate  the  feasibility  of  generating  very  high 
power,  specifically,  100  kw  peak  and  1000  watts  average  at  100  Gc  by  means  of  an  O- 
type  backward-wave  oscillator  operating  at  very  high  voltage. 

During  the  sixth  quarter,  the  new  electron  gun,  designated  gun  No.  435-lB,  was 
completely  tested  and  evolved  and  a  final  design  model  has  been  constructed  for 
experimental  tube  No.  2.  Calculated  and  measured  data  for  this  gun  design  is 
presented.  Further  work  has  been  done  on  silicon  carbide  loaded  glaze  for  use  as 
a  high  power  waveguide  attenuator.  A  suitable  design  has  been  evolved  and  loads  are 
being  consttticted.  Minor  difficulties  have  been  encountered  in  electroforming  the 
circuits.  A  fixture  for  holding  the  waveguide  and  circuit  mandrels  in  the  proper 
orientation  has  been  constructed.  Experimental  tube  No.  2  is  in  the  final  stages  of 
assembly. 

A  discussion  of  the  difficulties  encountered  in  attempting  to  use  existing  nonrelativistic 
gun  calculations  for  relativistic  cases  is  presented. 
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INTRODUCTION 


The  purpose  of  this  program  is  to  demonstrate  the  feasibility  of  generating  very  high 
power,  specifically,  100  kw  peak  and  1000  watts  average  at  100  Gc  by  means  of  an  O- 
type  backward-wave  oscillator  operating  at  very  high  voltage. 

During  the  sixth  quarter,  the  new  electron  gun,  designated  gun  No.  435-lB,  was 
completely  tested  and  evolved  and  a  final  desigpi  model  has  been  constructed  for  experi¬ 
mental  tube  No.  2.  Calculated  and  measured  data  for  this  gun  design  is  presented. 
Further  work  has  been  done  on  silicon  carbide  loaded  glaze  for  use  as  a  high  power 
waveguide  attenuator.  A  suitable  design  has  been  evolved  and  loads  are  being  construc¬ 
ted.  Minor  difficulties  have  been  encoimtered  in  electroforming  the  circuits.  A  fixture 
for  holding  the  waveguide  and  circuit  mandrels  in  the  proper  orientation  has  been 
constructed.  Experimental  tube  No.  2  is  in  the  final  stages  of  assembly. 

ELECTRON  GUN  NO.  435-lB 

The  difficulties  that  were  experienced  in  focusing  the  beam  in  tube  No.  1  led  to  the 
design  of  a  new  electron  gun  as  described  briefly  in  the  preceding  quarterly  report. 
During  the  past  quarter  this  gun,  designated  435-lB,  has  been  tested  in  the  demountable 
beam  tester  and  modified  slightly  to  yield  a  desirable  mechanical  configuration.  Fig.  1 
summarizes  the  design  characteristics  of  gun  No.  435-lB  in  comparison  to  gun  No.  9 
which  was  used  in  experimental  tube  No.  1.  The  perveance  of  gun  435-lB  is  approxi¬ 
mately  .  125  x  10~^,  almost  identical  to  the  perveance  of  gun  No.  9.  The  important 
differences  between  the  two  guns  are: 

1.  The  cathode  radius  has  been  reduced  from  .  6  inch  to  0. 45  inch  thus 
increasing  the  peak  cathode  loading  at  11  amperes  beam  current  from 
1. 6  a/cm2  to  2. 8  a/cm2. 

2.  The  beam  diameter  at  the  minimum  has  been  increased  from  an  estinuited 
7. 5  mils  diameter  to  an  estimated  44  mils  diameter  at  200  kv.  As  a 
result,  beam  scalloping  should  be  greatly  reduced  because  the  beam  will 
enter  the  magnetic  field  at  approximately  the  desired  diameter.  In 
addition,  rf  interaction  will  be  stronger  because  the  beam  diameter  will 
be  larger  where  the  rf  fields  are  strongest. 
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Fig.  1  -  Pertinent  gun  dimensions  for  gun  No.  9  which  was  used  in  experimental 
tube  No.  1  and  gun  No.  435-lB  which  is  being  used  in  tube  No.  2. 
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3. 


The  beam  minimum  has  moved  further  away  from  the  cathode.  The 
distance  from  the  anode  to  the  minimum  has  increased  from  0. 62  inches 
to  1.  84  inches  as  measured  at  4  kv.  As  a  result,  the  magnetic  pole 
piece  on  the  gun  end  of  the  circuit  can  be  made  re-entrant  and  the 
leakage  magnetic  fields  will  be  greatly  reduced. 

Fig.  2  is  a  drawing  which  shows  the  actual  focus  electrode  and  anode  shapes  used  in 
gun  435-1  as  tested  in  the  demountable  beam  tester.  Fig.  3  shows  measured  beam 
current  density  profiles  at  2  kv  and  4  kv  beam  voltage.  Fig.  4  is  a  plot  of  beam 
diameter  as  a  function  of  beam  voltage  at  low  voltages.  The  measured  99  percent 
current  diameters  were  estimated  from  current  density  measurements  as  shown  in 
Fig.  3.  Agreement  is  quite  good  in  view  of  the  rough  method  used  for  determining 
99  percent  beam  current.  Table  I  summarizes  the  calculations  using  the  results  of 
Danielson,  Rosenfeld,  and  Saloom^  as  generalized  by  Herrmann^.  The.  values  for 
voltages  greater  than  about  25  kv  are  very  approximate  for  two  reasons.  One  reason 
is  that  the  calculations  of  Danielson  et  al.  do  not  extend  to  the  range  of  parameters 
encountered  and  the  curves  were  extriqx>lated.  The  second  reason  is  that  when 
relativistic  effects  become  important,  the  scaling  rules  do  not  necessarily  apply.  A 
discussion  of  the  approximations  used  in  determining  an  effective  value  of  is  given 

in  the  Appendix.  Fig.  5  is  a  plot  of  calculated  beam  diameter  as  a  function  of  beam 
voltage  for  gun  No.  9  which  was  used  in  experimental  tube  No.  1  and  gun  No.  435-lB 
which  will  be  used  in  experimental  tube  No.  2. 

Fig.  6  is  a  drawing  of  the  complete  cathode-anode  assembly  of  gun  435-lB  as  it  is 
being  used  in  experimental  tube  No.  2.  The  diameter  of  the  anode  hole  is  only  0. 060 
inch  so  it  will  be  impossible  to  obtain  100  percent  beam  transmission  for  voltages  less 
than  about  50  or  60  kv  since  the  beam  diameter  is  greater  than  0. 060  inch.  A  copper 
insert  is  being  used  inside  the  iron  anode  to  prevent  overheating  of  the  surfaces  during 
the  rise  and  fall  of  the  voltage  pulse. 


WAVEGUIDE  LOADS 

Fig.  7  is  a  drawing  of  experimental  tube  No.  1.  Fig.  8  is  a  similar  drawing  of  tube 
No.  2  which  is  presently  under  construction.  The  only  external  differences  are  the 
tapered  anode  pole  piece  which  is  a  result  of  the  modified  gim  design  described  above 
and  the  change  in  the  output  waveguides.  Experimental  tube  No.  1  had  a  40  db  single¬ 
hole  coupler  for  sampling  the  power  and  a  0. 2  liter  ion  pump  after  the  high  power  load 
on  each  arm.  Experimental  tube  No.  2  will  have  only  a  high  power  load  with  a 
compression  seal  mica  window  on  each  waveguide  arm. 
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Dimensions  in  brackets 
cold,  all  others  hot 


Fig.  2  -  Gun  435-1  dimensions  as  tested  in  demountable 
beam  analyzer.  Gun  435-lB  is  identical  to  gun  435-1 
with  the  exception  of  the  focus  electrode  and  anode  geometry. 
435-lB  was  modified  slightly  to  simplify  die  construction 
without  changing  the  beam  edge  potential. 
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Fig.  3  -  Beam  current  profiles  at  the  beam  minimum  for  gun 
435-1  at  2kv  and  4kv  beam  voltage.  The  dashed  line  should 
actually  be  a  double  line  which  shows  the  amount  of  current  on 
each  half  of  a  split  collector.  The  currents  on  the  two  halves  are 
virtually  identical,  indicating  that  gun  aberrations  are  small. 
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Beam  diameter  -  mils 


Beam  voltage  -  kv 


Fig.  4  -  Beam  diameter  as  a  function  of  beam  voltage  for  gun  435-1. 
The  agreement  between  calculated  and  measured  diameters  is  good. 
The  99  percent  current  points  were  only  estimated  from  the  measured 
beam  profiles. 
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Calculated  and  measured  characteristics  of  gun  No.  9  and  gun  No.  435-lB 
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Fig.  7  -  Drawing  of  e^qperimental  tube  No. 


Fig.  8  -  Drawing  of  experimental  tube  No.  2.  The  only  external 
changes  are  in  ttie  anode  pole  piece  and  the  elemination  of  the  40  db 
coiq>ler  and  0.  2  liter  ion  pump. 


The  change  from  the  40  db  coupler  to  a  straight  through  high  power  load  has  been  made 
in  an  effort  to  increase  the  accuracy  of  the  rf  power  measurements.  The  accuracy  of 
the  power  measurements  in  tube  No.  1  was  poor  because  the  actual  coupling  through  the 
nominal  40  db  coupler  varied  rapidly  as  a  function  of  frequency.  This  variation  was 
mainly  due  to  reflections  from  the  high  power  load.  Reasonably  accurate  rf  power 
measurements  could  only  be  made  at  almost  exactly  the  frequency  for  which  coupler 
calibration  points  existed. 

The  high  power  loads  used  on  tube  No.  1  were  constructed  by  electroforming  copper 
over  a  rough  stainless  steel  surface  to  form  a  copper  waveguide  lined  with  sprayed 
stainless  steel.  The  copper  formed  in  this  way  was  porous  and  the  complete  load 
assembly  was  not  particularly  satisfactory.  The  high  power  loads  for  experimental 
tube  No.  2  are  being  made  by  coating  the  inside  of  a  molybdenum  waveguide  with  a  lossy 
glaze  material.  The  lossy  glaze  consists  of  85  percent  silicon  carbide,  325  mesh 
particle  size,  and  15  percent  Bell  Telephone  Laboratories  glaze  M-24.  The  BTL  M-24 
glaze  consists  of  - 


L1C03 

13  percent  by  weight 

CaCOs 

8. 9  percent 

BaCOs 

17. 9  percent 

AI2O3 

18  percent 

Si02 

42. 2  percent 

The  particle  size  is  4-35  microns.  The  BTL  glaze  mixture  is  purchased  from  Thomas 
C.  Thompson  and  Co. ,  Highland  Park,  Illinois.  The  silicon  carbide  and  M-24  glaze 
is  mixed  with  a  touch  of  pyro^lin  as  a  binder  and  amyl  acetate  as  a  thinner.  It  is 
thinned  to  appropriate  brushing  consistency.  The  lossy  glaze  mixture  is  then  fired  onto 
the  molybdenum  waveguide  at  1210°C  in  wet  hydrogen  for  30  minutes.  Molybdenum 
waveguide  is  used  because  silicon  carbide  has  a  very  low  coefficient  of  thermal 
expansion,  even  lower  than  molybdenum.  BTL  M-24  glaze  is  a  low  expansion  glaze 
suitable  for  bonding  molybdenum  to  ceramic. 

The  amount  of  loss  obtained  can  be  varied  by  varying  the  thickness  of  the  coating,  the 
fraction  of  the  perimeter  of  the  waveguide  wall  covered,  and  the  total  length  of  load. 
Applying  the  loss  is  a  cut-and-try  procedure.  The  waveguides  presently  being  used 
are  0. 122  x  0. 122  inch  inside  dimensions.  They  are  made  in  the  form  of  a  channel 
with  a  separate  cover.  The  glaze  is  painted  and  fired  onto  the  waveguide  surfaces. 

The  cover  is  then  clamped  in  place  and  the  loss  measured.  Additional  loss  can  then 
be  added  if  necessary  by  repeating  the  procedure. 
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Fig.  9  is  a  photograph  of  a  load  made  in  the  manner  just  described.  The  overall 
length  of  the  load  is  4.5  inches  and  the  loss  is  about  30  db.  The  loss  was  applied 
to  3  walls  of  the  guide.  The  loss  material  is  10-12  mils  thick  at  the  thickest  place. 
We  are  not  planning  to  use  this  particular  load  on  eiqperimental  tube  No.  2.  We 
are  planning  to  increase  the  total  length  of  the  load  to  7  inches  and  put  loss  on  all 
four  waveguide  walls  so  that  about  25-30  db  of  loss  can  be  obtained  with  a  very  thin 
coating  of  lossy  material.  The  reduction  in  coating  thickness  and  increase  in  total 
area  will  reduce  the  thermal  gradients  that  will  occur  at  high  power  levels,  thus 
minimizing  the  possibility  of  the  flidcing  off  of  the  molybdenum  walls. 

Fig.  10  is  a  photograph  of  the  ^azed  loads  that  will  be  used  to  terminate  the  collector 
end  of  the  circuit.  These  loads  are  also  0. 122  x  0. 122  inch  square  molybdenum 
guide.  These  loads  are  only  2.2  Inches  long  and  do  not  have  an  integral  water  jacket 
because  they  will  be  required  to  dissipate  only  10-20  percent  as  much  power  as  the 
output  loads. 


CIRCUIT  CONSTRUCTION 

The  procedure  for  constructing  the  circuits  by  electroforming  was  described  in  the 
Third  Interim  Engineering  Report.  The  only  modification  that  has  been  made  in  this 
procedure  is  to  hold  the  aluminum  circuit  and  waveguide  mandrels  in  a  paper-based 
phenolic  frame  as  shown  in  Fig.  11.  The  purpose  of  this  frame  is  to  maintain  wave¬ 
guides  accurately  perpendicular  to  the  circuit  mandrel  and  firmly  seated  in  the  notches 
in  the  circuit  mangel.  Several  circuits  have  previously  been  lost  because  the  wave¬ 
guides  did  not  remain  properly  seated  in  the  circuit  mandrel. 

The  circuits  are  carefully  inspected  at  each  end  with  a  microscope.  It  is  possible  to 
see  the  matching  posts  throuf^  the  beam  hole  at  each  end.  It  is  also  possible  to  see  if 
the  waveguides  are  properly  joined  to  the  circuit.  The  copper  is  inspected  after  it  has 
been  h3rdrogen  fired  at  950^0.  Visual  inspection  of  the  circuits  is  sufficient  to  detect 
aiqr  gross  inaccuracies  in  the  circuit.  Further  inaccuracies  can  only  be  detected  by 
analysis  of  the  electrical  performances. 

At  the  present  time,  one  complete  circuit  assembly  is  brazed  into  a  copper  circuit  block. 
Three  circuit  mandrels  are  in  the  process  of  receiving  the  initial  copper  layer  prior 
to  remachining  the  grooves.  The  electroforming  is  being  done  by  Physical  Electronics 
Laboratories,  East  Palo  Alto,  California.  Some  circuits  have  been  electroformed  at 
Watkins-Johnson  Conqtany.  However,  since  insufficient  electroforming  is  done  at 
Watkins-Johnson  Company  to  require  full  time  use  of  an  electroforming  bath,  it  is  felt 
that  the  control  of  the  quality  of  copper  is  probably  better  from  Physical  Electronics 
Laboratories  where  the  tanlu  are  in  continuous  use. 
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Fig.  10  -  Waveguide  loads  for  the  collector  end  of  the  circuit. 
These  loads  are  made  in  die  same  way  as  the  high  power  loads 
except  that  they  do  not  have  an  integral  water  cooling  jacket. 
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Fig,  11-  Aluminum  waveguide  and  circuit  mandrels  in  a  phenolic  frame 
prior  to  final  electroforming.  The  frame  holds  flie  waveguides  securely 
in  position. 


TUBE  CONSTRUCTION 


Experimental  tube  No.  2  is  in  the  final  stages  of  assembly.  Fig.  12  is  a  photograph  of 
the  completed  gun  assembly  for  gun  435- IB.  A  collector  assembly  identical  to  the  one 
used  on  tube  No.  1  has  been  completed.  The  anode  and  collector  pole  pieces,  and  wave¬ 
guide  arms  have  not  yet  been  brazed  to  the  circuit  assembly.  A  new  set  of  output  loads 
is  being  constructed  as  described  above.  Tube  No.  2  will  be  completed  during  the  next 
report  period. 


CONCLUSIONS 

No  conclusions  can  be  drawn  as  a  result  of  the  work  completed  during  the  past  quarter. 
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Fig.  12  -  Completed  435- IB  gun  assembly  prior  to  mounting  on  the  anode. 
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APPENDIX 


Beam  Diameter  Including  Thermal  Effects  Under  Relativistic  Velocity  Conditions 

The  analysis  of  beam  formation  in  Pierce  type  electron  guns  carried  out  by  Danielson, 
Rosenfeld,  and  Saloom'^Vn  which  the  effects  of  thermal  velocities  are  larg^  compared 
to  space  charge  effects  has  given  results  in  good  agreement  with  experimental  results 
for  low  voltage  operation.  These  results  are  not  directly  applicable  to  situations  in 
which  the  electrons  reach  relativistic  velocities  since  the  equations  of  motion  are  more 
complicated  under  relativistic  conditions.  The  following  discussion  describes  an 
proximate  procedure  for  utilizing  the  results  under  relativistic  velocity  conditions. 

Briefly,  the  procedure  used  by  Danielson,  Rosenfeld,  and  Saloom  is  to  divide  the  beam 
forming  region  into  three  (3)  parts,  the  cathode-anode  region,  the  anode  lens,  and 
the  field  free  drift  region  between  the  anode  lens  and  the  beam  minimum.  Thermal 
velocity  effects  are  included  in  the  cathode-anode  region  by  considering  the  motion 
of  an  electron  emitted  from  the  center  of  the  cathode  with  a  finite  transverse  velocity. 

It  is  shown  that  the  transverse  position  of  an  electron  at  any  axial  position  is  propor^ 
tional  to  the  transverse  velocity  at  the  cathode.  It  is  therefore  possible  to  compute 
the  transverse  distribution  in  space  at  any  axial  position  of  electrons  emitted  from 
the  center  of  the  cathode  with  different  transverse  velocities  from  a  knowledge  of  the 
transverse  velocity  distribution  at  the  cathode.  It  is  only  necessary  to  calculate  the.—, 
motion  of  a  single  electron  emitted  with  some  transverse  velocity  (chosen  to  be  V  ) 
from  the  center  of  the  cathode  and  the  motion  of  an  electron  emitted  from  the  edge 
of  the  cathode  with  zero  transverse  velocity.  These  electrons  are  called  the  a  and  re 
electrons  respectively  and  a  and  re  are  the  radial  positions  of  these  electrons  at  any 
point  in  the  gun  region.  If  the  paths  of  the  thermal  electrons  do  not  deviate  greatly 
from  the  paths  of  the  non-thermal  electrons,  the  space  charge  forces  on  the  electrons 
can  be  considered  to  be  the  same  as  the  space  charge  forces  in  the  absence  of  thermal 
effects.  Since  the  cathode-anode  region  of  a  Pierce  gun  is  a  section  of  a  sphere,  electrons 
emitted  with  finite  transverse  velocities  from  any  point  on  the  cathode  will  distribute 
about  an  electron  emitted  from  the  same  point  with  zero  transverse  velocity  in  exactly 
the  same  way  as  thqy  do  about  the  electron  emitted  from  the  center  of  the  cathode  with 
zero  transverse  velocity  (neglecting  effects  at  the  edge  of  the  beam).  The  current 
density  as  a  function  of  radius  can  thus  be  computed  in  the  cathode-anode  region  if  the 
transverse  motion  due  to  thermal  effects  is  small  oonqmred  to  the  ideal  beam  diameter 
in  the  absence  of  thermal  effects.  This  is  true  in  a  large  number  of  electron  guns. 
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At  the  anode  lens,  the  diverging  effect  of  the  lens  is  applied  to  the  trajectories  of  the  a 
and  re  electrons. 

In  the  field  free  region  between  the  anode  lens  and  the  beam  minimum  a  becomes  com¬ 
parable  to  or  greater  than  re  in  many  electron  guns  and  the  assumption  that  the  electrons 
move  in  space  charge  fields  equal  to  those  that  would  occur  in  the  absence  of  thermal 
effects  is  not  valid.  Danielson,  Rosenfeld,  and  Saloom  assume  that  the  re  and  a 
electrons  move  in  space  charge  fields  from  a  beam  in  which  thermal  electrons  are 
distributed  about  non-thermal  electrons  in  a  Gaussian  manner  with  standard  deviation 
a.  The  current  density  of  non-thermal  electrons  is  assumed  to  be  constant  for  r  <  re. 

The  solutions  for  a  and  re  are  therefore  interdependent  and  must  be  solved  simultaneously 
using  computer  techniques.  The  results  obtained  are  in  good  agreement  with  experi¬ 
mental  results. 

In  order  to  carry  out  the  analysis  just  described  under  relativistic  conditions  it  would 
be  necessary  to  substitute  the  relativistic  equations  in  each  of  the  three  regions.  The 
analysis  would  become  very  complicated.  Fortunately,  in  the  drift  region  where  the 
beam  shape  deviates  considerably  from  the  ideal  shape,  the  equations  of  motion  can  be 
used  in  exact  form.  At  the  anode  lens  it  is  possible  to  obtain  an  estimate  of  the  rela¬ 
tivistic  effects  on  the  lens  divergence.  In  the  cathode-anode  region  the  problem  is 
complicated  and  some  rather  qualitative  arguments  will  be  used  to  justify  the  effective 
gun  parameters. 

Herrmann^  has  shown  that  in  a  number  of  practical  situations  it  is  possible  to  subject 
a  beam  to  a  process  of  scaling  in  which  the  transverse  components  of  position,  velocity, 
and  force  are  scaled  by  a  common  factor  while  longitudinal  components  remain  unchanged. 
The  application  of  transverse  scaling  simplifies  the  treatment  of  guns  under  thermal 
velocity  conditions  by  allowing  a  reduction  in  the  number  of  independent  variables 
required.  He  was  thus  able  to  present  the  data  calculated  by  Danielson,  Rosenfeld,  and 
Saloom  in  a  form  in  which  is  is  applicable  to  a  much  wider  variety  of  cases.  If  the 
simple  Davission  electrostatic  lens  formula  is  used  with  a  constant  correction  factor 
for  the  anode  lens,  Danielson,  et  al.  presented  the  computed  data  in  terms  of  three 
parameters,  the  ratio  of  the  cathode  radius  to  the  anode  radius 

^  ,  the  perveance  p,  and  the  ratio  of  ttie  anode  voltage  to  the  cathode  temperature 
Ta 

.  Herrmann  presented  the  data  in  terms  of  and  . 

Tcathode  ra  T 

In  order  to  make  use  of  the  calculated  results  at  relativistic  velocities  it  is  necessary 

pVft 

to  define  an  effective  value  of  A  method  for  selecting  this  value  is  presented 

here. 
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In  the  drift  region  the  only  forces  acting  on  the  electrons  are  the  space  charge  forces 
and  the  forces  due  to  the  magnetic  field  of  the  beam.  If  the  beam  is  approximately 
cylindrical  there  are  only  radial  forces  ai^  the  equation  of  motion  is; 


e  It 


eM„vIr 


2ir€o*‘ 


where 


is  the  transverse  mass  of  the  electron  I  j.  is  the 


current  contained  within  the  radius  r 

V  =  the  electron  velocity 
e  =  the  magnitude  of  the  electronic  charge 

Equation  lA  can  be  written:  3/. 


d^r  Ir  ® 
2 


e^rm^v*-  c  J 


The  velocity  in  the  z  direction  is  approxixni^ly  constant  and  equal  to 


d^r 


dz^ 

This  equation  is  identical  to  that  which  would  be  obtaj|ped  in  the  absence  of  space 
effects  with  the  exception  of  the  term  T  v^  1  v  2  If  an  equivalent  velocity 


r  vZ]’ 


veq 

c2 

an  equivalent  voltage 


mo  Veq2 


and  an  equivalent  perveance 


=  *0 
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are  defined. 


d^r  ^  1  J2 _  _F_  ^  Peg  F 

dz2  4v  ^  ^ 


where  p 

Ig 


is  the  fraction  of  the  total  current  contained  within 


radius  r. 

Equation  7A  is  exactly  the  equation  for  the  trajectory  of  an  electron  in  a  long  beam 
under  space  charge  forces  under  non-relativistic  conditions.  The  relativistic 

effects  are  accounted  for  by  the  definition  of  an  equivalent  voltage  and  perveance  as 
described  above.  The  universal  beam  spread  curve  as  given  by  Spangenberg(^)  for 
exanq>le  can  be  used  under  relativistic  conditions  if  the  equivalent  peiweance  defined 
by  Eqs.  4A,  SA,  and  6A  is  used.  The  treatment  of  the  drift  region  by  Danielson  et  al. 
would  also  be  correct  if  the  equivaleitf  perveance  is  used.  However,  the  boundary 
conditions  on  r^,  dra ,  a,  and  dc  at  the  beginning  of  the  drift 

dz  'Sz 

region  would  not  necessarily  be  correct  since  the  force  equation  in  the  cathode-anode 
region  can  not  be  modified  in  such  a  simple  manner. 

The  Anode  Lens 

Danielson  et  al.  described  a  method  for  determining  the  focal  length  of  the  anode 
lens  more  accurately  than  is  given  by  the  Davisson  focal  length.  The  Davisson  focal 
length  is 

-  _  4V 

*■0  —■ 

dV 

where  is  the  magnitude  of  the  electric  field  at  the  anode  aperture  if  it 

Clz 

were  gridded  and  V  is  the  voltage  there.  The  results  of  the  more  exact  analysis  of 
the  anode  lens  led  Danielson  et  al.  to  modify  the  focal  length  to 


Fd 


where  T  is  a  correction  factor.  They  found  P to  be  typically  of  the  order  of  1. 1  and 
most  of  their  calculations  were  carried  out  for  P  =  1.1. 
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The  Davisson  method  for  determining  the  focal  length  could  be  used  under  relativisitic 
conditions.  However,  it  would  require  a  solution  to  the  problem  of  space  charge  limited 
current  flow  in  a  spherical  diode  under  relativistic  conditions. 


The  equation  for  radial  motion  of  an  electron  in  the  absence  of  0  components  of  velocity 
(in  cylindrical  coordinates)  is 


™t 


2 

3? 


8A 


where  again 


By  expanding  the  potential  in  power  series  about  the  axis  and  neglecting  higher  order 
terms 


V  (z.  r)  =  V  -  j 


8Y^_1  d^Vj. 
8r  2  dz2 


9A 

lOA 


In  the  vicinity  of  the  anode  lens,  the  axial  electron  velocity  is  approximately  constant, 
dz 

—  =  V  and  ttie  radial  position  r  is  approximately  constant. 


d^r  _  e  d^y 

dz^  2mtv2  dz2  ^ 


llA 


Integrate  once 

dr  I  dr  / 

dz/2  dzi  I 


er 

2m(v2 


12A 


where  is  the  slope  of  the  trajectory  after  passing  throu^  the  lens  and  is 

dVy 

dz7  2 


dV  / 

the  slope  before  the  lens.  Since  the  region  after  the  lens  is  field  free,  -r^  =  0. 
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The  focal  length  of  the  lens  then  is 


F  =  - 


2mtv2 


Under  nonrelativistic  conditions, 


dV 


which  is  the  Davisson  focal  length. 


Under  relativistic  conditions. 


H 


2Ve  \  ^ 
mtv^  I  dz 
/  4V 


F  =  - 


where  the  term  in  brackets  is  a  correction  to  the  nonrelativistic  focal  length.  In 

addition  the  value  of  dV  is  slightly  different  from  the  value  under  nonrelativistic 
3z 

conditions. 

As  an  example,  at  200  kv  q  ^ 
and  the  correction  factor  is 


-  112^  il  -  QIC 

2Ve  Yi-0.72  ~  2x200  *  .7 

v/dV 

Under  relativistic  conditions,  /  ^  at  the  anode  in  a  spherical  diode  is  not  really 
the  same  as  it  is  under  nonrelativistic  conditions.  Since  the  electrons  are  actually 
going  slower,  there  is  a  sort  of  piling  up  of  charge  near  the  anode  which  would  increase 

^  and  actually  reduce  the  gim  perveance  slightly.  The  increase  in  ^  would  further 
decrease  the  focal  length  over  the  nonrelativistic  focal  length.  This  means  that  the 
anode  lens  is  somewhat  more  diverging  under  relativistic  conditions  that  it  is  under 
nonrelativistic  conditions.  Although  the  effective  transverse  mass  of  the  electrons  is 
greater,  the  electrons  actually  are  deflected  more  because  they  are  traveling  more 
slowly  in  the  vicinity  of  the  lens  than  they  would  if  the  velocity  were  proportional  toVv. 


The  minimum  beam  diameter  obtained  from  the  computations  of  Danielson  et  al.  can 
therefore  be  expected  to  be  somewhat  smaller  than  the  beam  diameter  that  will  actually 
be  obtained  under  relativistic  conditions.  The  over-all  effect  of  the  corrections  to  the 
focal  length  are  relatively  small,  probably  less  than  10  percent  so  it  is  unlikely  that  any 
gross  errors  will  be  introduced  by  neglecting  the  relativistic  correction  to  the  focal 
length. 


The  Gun  Region 


The  gun  region  is  the  most  difficult  region  to  treat  exactly  under  relativistic  conditions 
since  the  electron  velocity  varies  over  extreme  ranges  in  the  gim  region.  Fortunately, 
in  the  gun  region  of  most  typical  electron  guns,  the  beam  shape  with  thermal  effects 
included  does  not  deviate  greatly  from  the  beam  shape  in  the  absence  of  thermal  effects. 
The  specification  of  £c  and  the  perveance  actually  specifies  the  convergence  angle  of 
ra  ^ 

an  ideal  spherical  gun  and  in  turn  ^  ,  the  position  of  a  nonthermal  edge  electron  in 


terms  of  the  actual  cathode  radius.  The  positicxi  Ca  of  the  typical  thermal  electron  at 
the  anode  is  proposal  to  -v/jTfor  a  given  gun.  This  is  reasonable  since  the  transverse 

velocities  of  emission  are  proportional  toVT  and  the  time  required  to  transverse  the 
anode-cathode  space  is  inversely  proportional  to  the  velocity  of  the  electrons. 


Under  relativistic  ccmditions,  the  transverse  velocities  are  decreased  because  the 
transverse  mass  of  the  electrons  increases  as  nop  .  However,  the  time  required 


to  transverse  the  cathode  anode  space  is  greater  than  it  would  be  if  the  velocity  were 
proportional  to  Vv  so  the  values  of  and  do  I  and  the  anode  are  probably  greater 

az/  a 

than  they  would  be  if  relativistic  effects  were  not  included  in  the  calculation.  The 
calculations  for  the  anode  lens  indicated  a  decrease  of  about  10  percent  in  the  focal 

length  of  the  lens  at  200  kv.  The  increase  In  ^  /  at  the  anode  is  probably  less  than 

ft 

10  percent  since  relativistic  effects  are  only  significant  for  a  relatively  small  fraction 
of  tte  time  spent  in  traversing  the  cathode-anode  region. 


The  Complete  Problem 

In  order  to  use  the  results  of  Danielson  et  aU  as  generalized  by  Herrmann,  it  is  necessary 
to  specify  a  single  value  of.^  for  the  gun  region  and  the  drift  region  and  the  correction 

factor  for  the  anode  lens  must  be  n=  1.1.  The  arguments  presented  above  indicate  that 
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neglecting  relativistic  effects  in  the  lens  region  will  result  in  about  a  10  percent  error 
in  the  focal  length  of  the  lens.  In  the  drift  region  it  is  possible  to  specify  an  equivalent 
perveance.  If  the  value  of  peq  and  Vgq  as  defined  for  the  drift  region  by  Eqs.  4A,  5A, 
and  6A  are  used  to  compute  p  at  200  kv,  p  =  .  125  x  10~^,  ^  0. 7 

Peq  =  . 086  x 10~® 

Veq  =  255  kv 

and  Pea  Veq  ^  .  086  x  10-6  x  2. 55  x  10-5  =199^  ^q~6 

T  1100 

pV 

This  result  is  close  to  that  estimated  for  the  gun  region  and  the  value  of  j  for  all  cases 
was  chosen  to  be  Paq^Veq 

The  preceding  arguments  are  quite  qualitative  but  they  do  indicate  that  the  relativistic 
corrections  are  small.  Fortunately,  the  actual  beam  size  does  not  changd  very  rapidly 
with  BY  for  large  values  of  ^  because  therixial  effects  are  relatively  small.  At  lower 
values'^f  •  relativistic  effects  are  not  important  and  the  calculations  are  correct. 
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